Abbreviations {#sec1}
=============

MRImagnetic resonance imagingMVDmicrovascular dysfunctionRBCred blood cellSMFskin microvascular flowmotionT2DMtype 2 diabetes mellitusWMHwhite matter hyperintensity

Microvascular dysfunction (MVD) is involved in the development and progression of various diseases, such as type 2 diabetes mellitus (T2DM), heart failure, dementia, and depression ([@ref1]). The microcirculation performs essential functions in both physiological and pathophysiological states, including delivery of oxygen and nutrients, removal of waste, heat exchange with the environment, assistance in endocrine system communication, blood pressure regulation, and immune response ([@ref9]). Investigation of microvascular function can thus expand our knowledge of the pathophysiology of different diseases.

Nowadays, state-of-the-art technologies enable assessment of both structural and functional aspects of the human microcirculation in different regions ([@ref13]). Introducing these measurements in a population-based setting permits the study of microvascular changes that occur in various diseases, as well as their similarities and differences across various territories. Additionally, the description of measurement protocols is necessary in order to identify whether differences in results across studies are based on differences in methodology.

The general design of the Maastricht Study, a population-based cohort study, has been described previously ([@ref22]). In the present paper, we describe a wide range of microvascular measurements that have been implemented gradually in the Maastricht Study and provide a summary of the main findings and perspectives on microvascular phenotyping, with an update through the end of 2018.

METHODS {#sec2}
=======

A detailed description of the study population and design of the Maastricht Study can be found in the Web Appendix (available at <https://academic.oup.com/aje>) and a previous paper ([@ref22]). The Maastricht Study is an ongoing observational, prospective, population-based cohort study. All residents of the southern part of the Netherlands aged 40--75 years are eligible for participation. Baseline data assessment took place from November 2010 to January 2020. [Table 1](#TB1){ref-type="table"} gives an overview of all microvascular measurements and corresponding variables used to assess microvascular (dys)function that have been implemented in the Maastricht Study. Microvascular measurements applied from the onset of the study include skin capillary density and recruitment, skin flowmotion, and biomarkers of endothelial function obtained from plasma and urine samples. Measurements of heat-induced skin hyperemic response, retinal static and dynamic measurements, and magnetic resonance imaging (MRI) measurements were introduced after approximately 8, 11, and 13 months, respectively. Lastly, measurement of endothelial glycocalyx thickness was introduced 22 months after initiation of the study. Data collection in the Maastricht Study and validation of the microvascular measurements are described in the Web Appendix.

###### 

Microvascular Measurements Taken in the Maastricht Study, Maastricht, the Netherlands, 2010--2018

  **Measurement**                                                              **Technique**                **Variable(s)**                                     **Units**
  ---------------------------------------------------------------------------- ---------------------------- --------------------------------------------------- -----------
  Skin capillary density and recruitment                                       Videomicroscopy              Baseline capillary density                          No./mm^2^
  Capillary recruitment following arterial occlusion                           No./mm^2^, %                                                                     
  Capillary density during venous congestion                                   No./mm^2^, %                                                                     
  Skin flowmotion                                                              Laser Doppler flowmetry      Total skin microvascular flowmotion power density   AU
  Skin flowmotion component power density[^a^](#tblfn4){ref-type="table-fn"}   AU                                                                               
  Endothelial component (0.01--0.02 Hz)                                                                                                                         
  Neurogenic component (0.02--0.06 Hz)                                                                                                                          
  Myogenic component (0.06--0.15 Hz)                                                                                                                            
  Respiratory component (0.15--0.40 Hz)                                                                                                                         
  Cardiac component (0.40--1.60 Hz)                                                                                                                             
  Skin heating response                                                        Laser Doppler flowmetry      Skin baseline blood flow                            PU
  Heat-induced skin average hyperemia                                          PU, %                                                                            
  Retinal microvascular reactivity                                             Videomicroscopy              Retinal arteriolar/venular baseline diameter        MU
  Flicker light-induced retinal arteriolar/venular  average dilation           MU, %                                                                            
  Retinal microvascular diameters and morphology                               Fundus photography           Calibers                                            
   Central retinal arteriolar/venular equivalent                               MU                                                                               
   Arteriole:venule ratio                                                      Unitless                                                                         
  Tortuosity                                                                                                                                                    
   Arteriolar/venular tortuosity                                               Unitless                                                                         
  Fractal dimension                                                                                                                                             
   Total fractal dimension                                                     Unitless                                                                         
   Arteriolar/venular dimension                                                Unitless                                                                         
  Bifurcation                                                                                                                                                   
   Arteriolar/venular branching angle                                          Degrees                                                                          
   Arteriolar/venular bifurcation index                                        Unitless                                                                         
   Arteriolar/venular asymmetry ratio                                          Unitless                                                                         
   Arteriolar/venular area ratio                                               Unitless                                                                         
   Arteriolar/venular junction exponent                                        Unitless                                                                         
  Cerebral small-vessel disease                                                Magnetic resonance imaging   Total WMH volume                                    mL
  Periventricular WMH volume                                                   mL                                                                               
  Deep cortical WMH volume                                                     mL                                                                               
  Lacunar infarcts                                                             No.                                                                              
  Cerebral microbleeds                                                         No.                                                                              
  Endothelial glycocalyx                                                       Videomicroscopy              Glycocalyx thickness in sublingual microvessels     μm
  Plasma and urine biomarkers                                                  Fasting plasma sample        Plasma                                              
   Von Willebrand factor                                                       \%                                                                               
   Soluble E-selectin                                                          ng/mL                                                                            
   sICAM1                                                                      ng/mL                                                                            
   sVCAM1                                                                      ng/mL                                                                            
  24-hour urinesample                                                          Urine                                                                            
   Albumin excretion                                                           mg/24 hours                                                                      

Abbreviations: AU, arbitrary units; MU, measurement units; PU, perfusion units; sICAM-1, soluble intercellular adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion molecule 1; WMH, white matter hyperintensity.

^a^ Based on the cutpoints of Stefanovska et al. ([@ref15]).

Retinal microvascular reactivity {#sec3}
--------------------------------

The retinal microvascular dilation response to flicker light, which is related to nutritive demands of activated retinal neurons and is nitric-oxide--dependent ([@ref16], [@ref23]), is measured in a dimly lit room using the Dynamic Vessel Analyzer (Imedos Systems GmbH, Jena, Germany). Mydriasis is induced with 2 drops of tropicamide (0.5%) and 1 drop of phenylephrine (2.5%) 15 minutes prior to the Dynamic Vessel Analyzer measurements. For safety reasons, participants with an intraocular pressure exceeding 30 mm Hg are excluded from retinal measurements. Per participant, we randomly measure the left or right eye.

During the measurement, the participant is instructed to focus on the tip of a fixed needle inside the retinal camera (FF450; Carl Zeiss AG, Jena, Germany) while the fundus of the eye is examined under green measuring light (530--600 nm; illumination of fundus approximately 6,500 lux). Straight arteriolar and venular segments of approximately 1.5 mm in length located 0.5--2.0 disc diameters from the margin of the optic disc in the temporal section are examined ([Figure 1A](#f1){ref-type="fig"}, left panel, zone "b").

![Noninvasive microvascular measurements in the Maastricht Study, Maastricht, the Netherlands, 2010--2018. A) Retinal microvascular diameters and morphology and retinal microvascular reactivity. Left: a typical example of an optic disc-centered image showing the retinal microvasculature. Zones a, b, and c are defined as the regions 1.0--1.5, 1.0--2.5, and 1.0--3.0 disc diameters away from the optic disc center or fovea (macula) center, respectively. Right: schematic registration of a 40-second flicker light-induced retinal arteriolar dilation response using the Dynamic Vessel Analyzer (Imedos Systems GmbH, Jena, Germany). B) Skin capillary density and recruitment. Left: skin capillaries are visualized in the dorsal skin of the distal phalanges of the third and fourth fingers of the right hand by means of a digital video microscope. Right: a typical example of skin capillaries. C) Skin microvascular flowmotion (SMF) and skin heating response. Upper left panel: SMF measurement is performed by use of a laser Doppler system equipped with 2 probes at the dorsal side of both the left wrist and the left ankle. Upper right panel: frequency spectrum of SMF between 0.01 Hz and 1.60 Hz, divided into 5 SMF components based on the cutpoints of Stefanovska et al. ([@ref15])): endothelial, 0.01--0.02 Hz; neurogenic, 0.02--0.06 Hz; myogenic, 0.06--0.15 Hz; respiratory, 0.15--0.40 Hz; and cardiac, 0.40--1.60 Hz. Lower panel: schematic registration of a 23-minute heat-induced skin hyperemic response using laser Doppler flowmetry. D) Magnetic resonance imaging markers of cerebral small-vessel disease. Upper left panel: T1-weighted scan. Upper right panel: T1-weighted image with segmented volumes overlaid. Lower left panel: T2-weighted fluid attenuated inversion recovery (FLAIR) scan. Lower right panel: T2-weighted FLAIR image with white matter hyperintensities marked in red. E) Endothelial glycocalyx thickness. Left: sublingual microcirculation is visualized by means of a sidestream dark field camera. Right: a typical example of sublingual microcirculation displayed by videomicroscopy. F) Plasma biomarkers. Venous plasma samples are taken to measure biomarkers of endothelial function. G) Urine biomarkers. Urinary albumin concentration is measured by means of two 24-hour urine collections. Albuminuria is defined as albumin excretion ≥30 mg/24 hours.](kwaa023f1){#f1}

After the specific vessel profile is recognized, its diameter is automatically and continuously measured for 150 seconds. A baseline recording of 50 seconds is followed by a 40-second flicker light exposure period (flicker frequency 12.5 Hz ([@ref24]), bright:dark contrast ratio 25:1) and a subsequent 60-second recovery period ([Figure 1A](#f1){ref-type="fig"}, right panel). We use a 40-second flicker light stimulation based on the findings of Nagel et al. ([@ref25]) and Kotliar et al. ([@ref26]), who observed that healthy individuals exhibited maximum dilation immediately after the 20-second flicker stimulation, whereas the time to maximal arteriolar dilation of obese individuals was prolonged. We have chosen to perform a single cycle of 40-second flicker light stimulation because of time restraints for the large amount of measurements in the Maastricht Study. Notably, despite a difference in flicker duration, the average arteriolar/venular percent-dilation responses we observe are comparable to those in studies using 3 cycles of short flicker light stimulation. The Dynamic Vessel Analyzer automatically corrects for alterations in luminance caused by, for example, slight eye movements. During blinks and small eye movements, the registration stops, and it restarts once the vessel segments are automatically reidentified ([@ref16]).

The integrated Dynamic Vessel Analyzer software (version 4.51; Imedos Systems) automatically calculates baseline diameter and percentage dilation. Baseline diameter is calculated as the average diameter size of the 20- to 50-second recording and is expressed in measurement units, where 1 measurement unit is equal to 1 μm of the Gullstrand eye ([@ref27]). Percentage dilation over baseline is based on the average dilation achieved at the time points 10 seconds and 40 seconds during the flicker stimulation period. Two regression lines are drawn (at intervals of 0--\<10 seconds and 10--40 seconds during flicker stimulation), and results are averaged to assess average percentage of dilation. The purpose of taking the average dilation is to account for interindividual variation in the curve shape during dilation.

Retinal microvascular diameters and morphology {#sec4}
----------------------------------------------

State-of-the-art technology enables quantification and analysis of various features of retinal microvasculature (semi)automatically (e.g., vascular diameters, tortuosity, fractal dimension, and bifurcation features ([Figure 1A](#f1){ref-type="fig"}, left panel). In the Maastricht Study, fundus photography of both eyes is performed 15 minutes after the pupils have been dilated with tropicamide 0.5% and phenylephrine 2.5%. All fundus photographs are made with a focus, shot, and tracker fundus camera (model AFC-230; Nidek Co. Ltd., Aichi, Japan) in 45 degrees of at least 3 fields: 1 field centered on the optic disc, 1 field centered on the macula, and 1 temporal field positioned 1 disc diameter from the center of the macula.

Static retinal vessel analysis is performed with the RHINO software developed by the RetinaCheck Project group at the Eindhoven University of Technology (Eindhoven, the Netherlands) ([@ref17], [@ref18]). Retinal vessel diameters are measured 0.5--1.0 disc diameter away from the optic disc margin and 1.0--1.5 disc diameter away from the fovea (macula) center (zone "a"), while retinal vascular tortuosity, retinal fractal dimension, and bifurcation-based features are studied within 1.0--2.5 disc diameters (zone "b") and 1.0--3.0 disc diameters (zone "c") from the optic disc center or fovea (macula) center, respectively ([Figure 1A](#f1){ref-type="fig"}, left panel). The scale factor is based on the optic disc diameter, which is assumed to be 1,800 μm ([@ref28]).

Retinal vessel diameters are presented as central retinal arteriolar equivalent and central retinal venular equivalent. Central retinal arteriolar equivalent and central retinal venular equivalent represent the equivalent single-vessel parent diameters for the 6 largest arterioles and largest venules in the region of interest, respectively. The calculations are based on the improved Knudtson-Hubbard formula ([@ref29]).

Retinal microvascular morphology includes retinal microvascular tortuosity, fractal dimension, and bifurcation-based features. We measure retinal arteriolar and venular tortuosity using both conventional and exponential methods ([@ref30]). We calculate fractal dimension on the basis of the box-counting method ([@ref31]). Calculation of microvascular bifurcation-based features, including branching angles, bifurcation index, asymmetry ratio, area ratio, and junction exponent, has been described elsewhere ([@ref32]).

Skin capillary density and recruitment {#sec5}
--------------------------------------

Skin microcirculation is considered a representative vascular bed with which to examine generalized systemic MVD ([@ref33]). In the Maastricht Study, skin capillaries are visualized in the dorsal skin of the distal phalanges of the third and fourth fingers of the right hand using a digital video microscope (CapiScope; KK Technology, Honiton, United Kingdom) with a system magnification of ×100 ([@ref13]). Participants are studied in the supine position with the investigated hand placed at heart level. The finger is fixed on a finger holder, and a miniature cuff (digit cuff; D. E. Hokanson, Inc., Belluvue, Washington) is applied to the base of the investigated finger ([Figure 1B](#f1){ref-type="fig"}, left panel). Capillaries are visualized 4.5 mm proximal to the terminal row of capillaries in the middle of the nailfold, where capillaries run perpendicularly to the skin ([Figure 1B](#f1){ref-type="fig"}, right panel). The investigator selects a region of interest of 1 mm^2^ of skin area.

Capillary density (mean of 2 fields) is measured under 3 conditions. First, baseline capillary density, defined as the number of continuously erythrocyte-perfused capillaries per 1 mm^2^ of skin, is measured. Capillaries are counted for 15 seconds at baseline. Second, capillary recruitment during postocclusive peak reactive hyperemia is assessed after arterial occlusion. Arterial occlusion is applied using a miniature cuff at the base of the investigated finger inflated to suprasystolic pressure (260 mm Hg) for 4 minutes. Immediately following release of the cuff, all (continuously and intermittently) perfused capillaries are counted for 15 seconds. Third, venous congestion is applied, with the cuff inflated to 60 mm Hg for 2 minutes, and all (continuously and intermittently) perfused capillaries are counted for 15 seconds in the second minute. The number of perfused capillaries is counted in the recorded digital raw data using a custom-built semiautomatic image analysis application (CapiAna) constructed by 2 of the authors (E.H.B.M.G. and A.J.H.M.H.) ([@ref13]). For analysis, we use absolute numbers of capillaries recorded at baseline, after arterial occlusion, and during venous congestion. In addition, we calculate percentage of capillary recruitment following arterial occlusion (\[(capillary density during hyperemia − baseline capillary density)/baseline capillary density\] × 100) and percentage of capillary density during venous congestion (\[(capillary density during venous congestion − baseline capillary density)/baseline capillary density\] × 100).

Skin flowmotion {#sec6}
---------------

Flowmotion is the fluctuation of microvascular perfusion as a result of spontaneous oscillations in arteriolar diameter (i.e., vasomotion). Skin microvascular flowmotion (SMF) can be monitored by laser Doppler flowmetry. This technique is based on a fiber-optic probe emitting laser light (wavelength 780 nm) to the target tissue and collecting the back-scattered light, which undergoes a shift in frequency proportional to the velocity of moving erythrocytes. The measuring depth is 0.5--1.0 mm, and the signal is predominantly derived from arterioles and venules ([@ref16]). We perform SMF measurements using a laser Doppler system (PeriFlux 5000; Perimed AB, Järfälla, Sweden) equipped with 2 probes, one at the dorsal side of the left wrist and the other at the dorsal side of the left ankle ([Figure 1C](#f1){ref-type="fig"}, upper left panel). Since flowmotion has predominantly been observed in participants with a skin temperature above 29.3°C ([@ref34]), the laser Doppler probes are maintained at 30°C. The laser Doppler flowmetry output is recorded for 25 minutes with a sample rate of 32 Hz, which gives semiquantitative assessment of skin blood flow expressed in arbitrary perfusion units ([@ref35]).

A fast-Fourier transform algorithm is performed by means of a custom-built automatic software application created in MATLAB (MathWorks, Inc., Natick, Massachusetts) to distinguish the contributions of different frequency domains to the signal. The frequency spectrum between 0.01 Hz and 1.60 Hz is divided into 5 SMF components (using the cutpoints of Stefanovska et al. ([@ref15])): endothelial, 0.01--0.02 Hz; neurogenic, 0.02--0.06 Hz; myogenic, 0.06--0.15 Hz; respiratory, 0.15--0.40 Hz; and cardiac, 0.40--1.60 Hz ([Figure 1C](#f1){ref-type="fig"}, upper right panel). The results are presented as power spectrum density, which describes the density of power in a stationary, random process per unit of frequency and can be expressed as (perfusion units)^2^ per Hz. Total energy is obtained by the sum of the power density values of the total frequency spectrum. To correct for spatial and temporal variations in the laser Doppler flowmetry signal, the relative contributions of the components are calculated by dividing the power of each component by the power of the total SMF (0.01--1.60 Hz) ([@ref36]).

Skin heating response {#sec7}
---------------------

Local heat induces skin hyperemia and increases the skin blood flow. This heat-induced skin response is mainly dependent on nitric oxide and endothelium-derived hyperpolarizing factors ([@ref37]). To quantify this response, skin blood flow is measured by means of a laser Doppler system (PeriFlux 5000) as described above ([Figure 1C](#f1){ref-type="fig"}, upper left panel). Two thermostatic probes are attached to the wrist and ankle to induce local heating. Skin blood flow is first recorded unheated for 2 minutes to serve as a baseline measure. Next, the temperature of the probe is rapidly and locally increased to 44°C and is then kept constant for the next 23 minutes ([Figure 1C](#f1){ref-type="fig"}, lower panel). The heat-induced skin hyperemic response is expressed as the percentage increase in average perfusion units during the 23-minute heating phase over the average baseline perfusion units.

MRI markers of cerebral small-vessel disease {#sec8}
--------------------------------------------

Brain MVD is reflected by MRI features of cerebral small-vessel disease, including white matter hyperintensities (WMHs), lacunar infarcts, and cerebral microbleeds. In the Maastricht Study, MRI is performed on a 3T MRI scanner (Siemens Magnetom Prisma-Fit Syngo MR D13D; Siemens AG, Erlangen, Germany) using a 64-element head coil for parallel imaging ([Figure 1D](#f1){ref-type="fig"}). The MRI protocol consists of a 3-dimensional T1-weighted sequence (repetition time (TR)/echo time (TE)/inversion time (TI) 2,300 ms/2.98 ms/900 ms, 1.00-mm cubic voxel, 176 continuous slices, matrix size of 240 × 250, and reconstructed matrix size of 512 × 512), a T2-weighted fluid-attenuated inversion recovery (TR/TE/TI 5,000 ms/394 ms/1,800 ms, 0.98 × 0.98 × 1.26-mm acquisition voxel, 0.49 × 0.49 × 1.00-mm reconstructed voxel, 176 continuous slices, acquisition matrix size of 250 × 250, and reconstructed matrix size of 512 × 512), and a gradient recalled echo pulse sequence with susceptibility-weighted imaging. The protocols for MRI acquisition and analysis are in line with current imaging standards (Standards for Reporting Vascular Changes on Neuroimaging (STRIVE), version 2) ([@ref19]).

T1-weighted images and T2-weighted fluid-attenuated inversion recovery images are used to identify WMHs by use of an International Organization for Standardization (ISO)-13485 2012-certified automated method (which includes visual inspection) ([@ref38]). Numbers of all WMHs identified are summed for assessment of total WMH burden in milliliters. Periventricular WMHs are automatically defined as WMHs less than 3 mm from the cerebrospinal fluid and deep cortical WMHs as WMHs 3 or more mm from the cerebrospinal fluid ([@ref39]). This method has a small chance of misclassifying juxtacortical WMHs, which are relatively uncommon ([@ref40]), as periventricular WMHs. The location and number of lacunar infarcts are manually rated on T2 and fluid-attenuated inversion recovery images and defined as focal lesions of ≥3 mm and \<15 mm in size with a similar signal intensity as cerebrospinal fluid on all sequences and a hyperintense rim ([@ref19]). The location and number of cerebral microbleeds are manually rated on 3-dimensional T2\* gradient recalled echo-weighted imaging with susceptibility-weighted imaging by means of the Microbleed Anatomical Rating Scale ([@ref41]) and defined as focal lesions of ≥2 mm and ≤10 mm in size with a hypointense signal on T2\* gradient recalled echo- and susceptibility-weighted images ([@ref19]). Three neuroradiologists perform the rating of lacunar infarcts and cerebral microbleeds.

Endothelial glycocalyx thickness {#sec9}
--------------------------------

The glycocalyx is a gel layer on the luminal side of endothelial cells which prevents blood cells from penetrating or adhering to the vessel wall. Impaired glycocalyx function would allow more red blood cells (RBCs) to penetrate deeper towards the endothelial surface, which may influence endothelial function ([@ref42]). We use the Glycocheck system (Microvascular Health Solutions, Inc., Salt Lake City, Utah) to measure glycocalyx thickness in the sublingual microcirculation ([Figure 1E](#f1){ref-type="fig"}). After calibration, the lens is placed against the lingual frenum near the tongue base with limited pressure. The sidestream dark field camera uses green light-emitting diodes (540 nm) to detect the hemoglobin of passing RBCs. All measurable vessels are identified, recorded, and analyzed automatically. Vessels with RBC columns larger than 30 μm in diameter or high tortuosity are excluded.

The results of analyses are presented as the perfused boundary region (μm), which is calculated as the distance between the outer boundaries of the erythrocytes and the center lumen of the vessel ((perfused diameter − median RBC column width)/2) ([@ref20]). It reflects the dynamic lateral position of RBCs. Then the calculated perfused boundary region values, classified according to their corresponding RBC column widths between 5 μm and 25 μm, are averaged to provide a single perfused boundary region value for each participant.

Plasma and urine biomarkers {#sec10}
---------------------------

Since microvascular endothelium covers approximately 98% of the total vascular surface area and synthetic capacity ([@ref21]), plasma or serum biomarkers of endothelial function, such as soluble vascular cell adhesion molecule 1, soluble intercellular adhesion molecule 1, soluble E-selectin, and von Willebrand factor, can be regarded as reflecting mainly microvascular endothelial function. Among these, soluble vascular cell adhesion molecule 1, soluble intercellular adhesion molecule 1, and soluble E-selectin are measured in ethylenediaminetetraacetic acid plasma samples with commercially available 4-plex sandwich immunoassay kits (Meso Scale Discovery, Rockville, Maryland) as described previously ([@ref43]). Von Willebrand factor is quantified in citrate plasma using an enzyme-linked immunosorbent assay (Dako Denmark A/S, Glostrup, Denmark). Concentrations of von Willebrand factor are expressed as a percentage of von Willebrand factor detected in pooled citrated plasma of healthy volunteers ([Figure 1F](#f1){ref-type="fig"}).

Albuminuria can be regarded as a marker of generalized endothelial dysfunction ([@ref3]). To assess urinary albumin excretion, participants are requested to collect two 24-hour urine samples ([Figure 1G](#f1){ref-type="fig"}). Urinary albumin concentration is measured with a standard immunoturbidimetric assay by means of an automatic analyzer (Beckman Synchron LX20; Beckman Coulter, Inc., Brea, California) and multiplied by collection volume to obtain 24-hour urinary albumin excretion. A urinary albumin concentration below the detection limit of the assay (2 mg/L) is set at 1.5 mg/L before multiplying by collection volume. Only urine collections with a collection time between 20 hours and 28 hours are considered valid. If needed, urinary albumin excretion is extrapolated to a 24-hour excretion. Microalbuminuria is defined as a 24-hour albumin excretion of 30--300 mg/24 hours, and macroalbuminuria is defined as a 24-hour albumin excretion greater than 300 mg/24 hours. These definitions are preferably based on the average of two 24-hour urine collections (available for approximately 90% of the participants).

Validation of measurements {#sec11}
--------------------------

Validation of measurements is described in the Web Appendix.

RESULTS {#sec12}
=======

Currently, we have carried out a number of cross-sectional investigations involving microvascular measurements within the framework of the Maastricht Study and have found that multiple cardiovascular risk factors (age, sex, blood pressure, waist circumference, etc.) and diseases (e.g., (pre)diabetes and depression) are associated with microvascular (dys)function. The findings are summarized in [Tables 2](#TB2){ref-type="table"} and [3](#TB3){ref-type="table"}.

###### 

Associations of Cardiovascular Risk Factors with Microvascular Function in the Maastricht Study, Maastricht, the Netherlands, 2010--2018

  **Risk Factor** **(Reference No.)**                                                           **Associated Microvascular Marker**                                                                     
  --------------------------------------------------------------------------------------------- ------------------------------------- ---------------------------- ------------------------------------ -------------------------
  Older age (44, 45)                                                                            Higher total power density            Lower hyperemic response     Lower retinal arteriolar dilation    NA
  Higher respiratory power density                                                                                                                                                                      
  Higher cardiac power density                                                                                                                                                                          
  Male sex (44, 45)                                                                             No significant association            Lower hyperemic response     No significant association           NA
  Greater waist circumference and body mass index[^a^](#tblfn5){ref-type="table-fn"} (44, 45)   Lower total power density             No significant association   No significant association           NA
  Current smoking (44, 45)                                                                      No significant association            Lower hyperemic response     No significant association           NA
  Higher blood pressure (44, 45)                                                                Higher total power density            Lower hyperemic response     Higher retinal arteriolar dilation   NA
  Higher plasma glucose concentration (44--47)                                                  No significant association            Lower hyperemic response     Lower retinal arteriolar dilation    Larger total WMH volume
  Larger periventricular WMH volume                                                                                                                                                                     
  Larger deep cortical WMH volume                                                                                                                                                                       
  Presence of lacunar infarcts                                                                                                                                                                          

Abbreviations: NA, not (yet) assessed in the Maastricht Study; WMH, white matter hyperintensity.

^a^ Weight (kg)/height (m)^2^.

###### 

Associations of Chronic Diseases with Microvascular Function in the Maastricht Study, Maastricht, the Netherlands, 2010--2018

  **Condition or Organ and Outcome** **(Reference No.)**    **Associated Microvascular Marker**                                                                                                                                                                                                            
  --------------------------------------------------------- ------------------------------------------------ -------------------------- ----------------------------------- ------------------------------------------------------------------------------------------------------------------------------ -------------------------
  Diabetic conditions                                                                                                                                                                                                                                                                                      
  Prediabetes (46, 47)                                      NA                                               Lower hyperemic response   Lower retinal arteriolar dilation   NA                                                                                                                             Larger total WMH volume
  Larger periventricular WMH volume                                                                                                                                                                                                                                                                        
  Larger deep cortical WMH volume                                                                                                                                                                                                                                                                          
  Presence of lacunar infarcts                                                                                                                                                                                                                                                                             
  Type 2 diabetes mellitus (46, 47)                         NA                                               Lower hyperemic response   Lower retinal arteriolar dilation   NA                                                                                                                             Larger total WMH volume
  Larger periventricular WMH volume                                                                                                                                                                                                                                                                        
  Larger deep cortical WMH volume                                                                                                                                                                                                                                                                          
  Larger lacunar infarcts                                                                                                                                                                                                                                                                                  
  Brain                                                                                                                                                                                                                                                                                                    
  Depressive disorder/symptoms (43)                         NA                                               NA                         NA                                  Higher endothelial dysfunction summary score (consisting of sVCAM-1, sICAM-1, soluble E-selectin, and von Willebrand factor)   NA
  Cognitive performance (52)                                NA                                               NA                         NA                                  Albuminuria^a^                                                                                                                 NA
  Kidney                                                                                                                                                                                                                                                                                                   
  Albuminuria[^a^](#tblfn6){ref-type="table-fn"} (55, 56)   Lower recruitment following arterial occlusion   Lower hyperemic response   Lower retinal arteriolar dilation   NA                                                                                                                             NA
  Lower recruitment during venous congestion                                                                                                                                                                                                                                                               

Abbreviations: NA, not (yet) assessed in the Maastricht Study; sICAM-1, soluble intercellular adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion molecule 1; WMH, white matter hyperintensity.

^a^ Note that albuminuria can be a marker of both microvascular dysfunction and outcome and is defined as urinary albumin excretion ≥30 mg/24 hours.

Cardiovascular risk factors and microvascular function {#sec13}
------------------------------------------------------

MVD may be a common pathological phenomenon in cardiovascular diseases that is induced by multiple risk factors. In a preliminary study with a limited number of participants, we used skin flowmotion measurement and found that older age and higher 24-hour systolic blood pressure were associated with a higher total SMF energy, while greater waist circumference and body mass index (weight (kg)/height (m)^2^) were associated with a lower total SMF energy ([@ref44]). Further analysis of the 5 frequency components revealed associations of older age with higher energy contributions of the respiratory and cardiac components and of higher 24-hour systolic blood pressure with higher energy contributions of all 5 frequency components, as well as associations of greater waist circumference with lower energy contributions of all of the frequency components ([@ref44]).

Evaluating microvascular responses in skin and retina, we observed that older age and higher plasma glucose level were associated with both lower heat-induced skin hyperemia and lower flicker light-induced retinal arteriolar dilation ([@ref45], [@ref46]). In addition, lower heat-induced skin hyperemia was found in men and in current smokers ([@ref45]). Interestingly, we did not find any association of 24-hour systolic blood pressure with microvascular responses in skin or retina. Instead, higher 24-hour pulse pressure was associated with lower heat-induced skin hyperemia, and higher 24-hour diastolic blood pressure was associated with increased flicker light-induced retinal arteriolar dilation ([@ref45]). Higher plasma glucose level was associated with the presence of brain lacunar infarcts and larger volumes of WMHs, including deep cortical and periventricular WMHs, but not with the presence of cerebral microbleeds ([@ref47]).

In addition, arterial stiffening as determined by carotid-femoral pulse wave velocity was not associated with skin capillary density or recruitment, skin flowmotion, or heat-induced skin hyperemia, as demonstrated in analyses carried out in both the Maastricht Study and Supplementation en Vitamines et Mineraux Antioxydants 2 (SU.VI.MAX2) Study cohorts ([@ref48]).

Chronic diseases and microvascular function {#sec14}
-------------------------------------------

The "ticking clock" hypothesis postulates that the clock for coronary heart disease development starts ticking before the onset of clinical diabetes ([@ref49]). Similarly, T2DM-associated MVD may occur long before T2DM is diagnosed. In view of this, we studied the association between glucose metabolism status and MVD. We found that both impaired flicker light-induced retinal arteriolar dilation and heat-induced skin hyperemia have already occurred in prediabetes (defined as impaired fasting glucose concentration and/or impaired glucose tolerance), and both impairments were more severe in established T2DM ([@ref46]). Prediabetes and T2DM were also associated with markers of cerebral small-vessel disease, including the presence of lacunar infarcts, and larger volumes of WMHs, as compared with normal glucose metabolism ([@ref47]). In contrast, there were no significant associations of prediabetes and T2DM with the presence of cerebral microbleeds ([@ref47]). To explore the underlying mechanism of (pre)diabetes-associated MVD, we further performed mediation analysis and found that, among hyperglycemia, insulin resistance, blood pressure, lipid profile, and low-grade inflammation, hyperglycemia was the main mediator of both the prediabetes-associated and T2DM-associated skin and retinal MVD, with a mediation effect of approximately 50%--75% ([@ref50]).

Depression and cognitive decline are thought to be partly related to MVD ([@ref51]). In a recent meta-analysis, we provided evidence that not only cerebral forms of MVD but also peripheral MVD, as measured by plasma biomarkers, is associated with incident depression ([@ref6]). In the Maastricht Study, we also found higher levels of plasma markers of endothelial dysfunction to be associated with the presence of depressive disorder and a higher depressive symptom score ([@ref43]). With regard to cognitive function, albuminuria, defined as urinary albumin excretion ≥30 mg/24 hours, was associated with lower information processing speed, independent of educational level, cardiovascular risk factors, and lifestyle factors ([@ref52]). This association tended to be stronger in older individuals ([@ref52]).

Albuminuria, normally considered a measure of kidney dysfunction, is also thought to reflect generalized endothelial dysfunction. However, this hypothesis has been tested only with indirect measurements, such as plasma biomarkers of endothelial function ([@ref53], [@ref54]). Therefore, we examined the association of direct measurements of MVD in skin and retina with albuminuria. We found that lower skin capillary recruitment following arterial and venous occlusion was associated with the presence of albuminuria ([@ref55]). Lower flicker light-induced retinal arteriolar dilation was also associated with albuminuria, and this association was stronger in persons with T2DM. In addition, the association of lower heat-induced skin hyperemic response with albuminuria was present in persons with T2DM only ([@ref56]). These findings suggested an interaction effect of T2DM on the association between direct measurements of MVD and albuminuria.

DISCUSSION {#sec15}
==========

For the development of both prevention and treatment strategies in the general population, we need solid epidemiologic data. To our knowledge, no population-based study has applied a wide scope of microvascular morphological and functional phenotyping. Most studies have applied, at most, a few of the microvascular measurements discussed here, including plasma biomarkers, retinal microvascular diameters, and cerebral small-vessel disease ([@ref2], [@ref6]). In the Maastricht Study ([@ref22]), we combine an array of microvascular measurements in different vascular beds (e.g., low and high flow impedance) with extensive phenotyping of biometric factors, lifestyle and cardiovascular risk factors, and diseases. This approach allows us to study not only the role of generalized MVD in the development and progression of various diseases with a systems physiology approach but also MVD, which is specific for certain organs/tissues ([Figure 2](#f2){ref-type="fig"}).

In the Maastricht Study, we have observed associations of MVD with cardiovascular risk factors, (pre)diabetes, depression, cognitive function, and albuminuria. These results suggest that 1) microvascular function is determined by multiple cardiovascular risk factors ([@ref44]), 2) MVD occurs prior to the diagnosis of T2DM ([@ref46], [@ref47]), 3) MVD is a systemic pathophysiological phenomenon in T2DM, and 4) MVD is associated with (end)organ dysfunction (e.g., depression, cognitive decline, albuminuria) ([@ref43], [@ref52], [@ref55], [@ref56]).

Strengths of the Maastricht Study {#sec16}
---------------------------------

The combination of an array of microvascular measurements and the extensive phenotyping in the Maastricht Study has several strengths. First, the size of the study population in conjunction with the extensive phenotyping enables detection of independent associations after extensive adjustment for potential confounders. Second, the standard operating procedures and the quality control over time enhance the consistency of the microvascular measurements and increase their usability in other studies. Third, the use of multiple microvascular measurements enables comparison of changes in the microvasculature across arterioles, capillaries, and venules, as well as across territories, in order to disentangle the influence of risk factors/diseases on the microvasculature as well as the heterogeneity of the microvasculature responding to different (patho)physiological situations ([@ref57]).

Longitudinal studies {#sec17}
--------------------

Currently, annual follow-up on disease incidence and mortality is being performed in the Maastricht Study, which will enable longitudinal analyses. Through the cross-sectional studies, we have already found that MVD in multiple territories is present before the diagnosis of T2DM (prediabetes), which implies that MVD is not only a consequence of T2DM but also an essential factor that can precede T2DM and increase the risk of its complications and comorbidities, which are partly of microvascular origin. To confirm this, longitudinal studies are planned to investigate the association of MVD with the incidence of various diseases, such as T2DM, cardiovascular diseases, and cerebral diseases. In addition, microvascular measurements will be included in the follow-up procedure to investigate the microvascular changes with development and progression of diseases.

Fully automated analysis of microvascular imaging {#sec18}
-------------------------------------------------

Several microvascular measurements are based on imaging, of which the analyses are often performed manually. To apply such measurements efficiently in a population-based setting requires fully automated analysis software. Recent technical advances have enabled a transition from manual/semiautomated image analysis to fully automated image analysis and have made this approach more precise and time-saving (e.g., the software for detecting brain WMHs in the Maastricht Study) ([@ref38]). In addition, this approach allows identification, extraction, and investigation of novel microvascular features, such as retinal microvascular tortuosity, fractal dimension, and bifurcation features. These developments provide for a more comprehensive observation of microvascular changes as well as better availability and implementation of the microvascular measurements in a large population, for either research or clinical use. Further, the protocols involving image acquisition, processing, and analysis should be standardized across studies, and reproducibility and validity should be carefully documented, for use by other researchers and further applications.

The first wave of data collection in the Maastricht Study (including more than 9,000 participants) continued through 2019. Next, we plan to start follow-up surveys in the same cohort. In the coming years, we will develop, validate, and implement fully automated image analysis applications. In that way, a wealth of different microvascular morphological and functional markers of different territories will become available. It is important to assess the associations and role of MVD in relation to disease development in order to assess whether interventions against MVD should be developed for prevention purposes.

![Lessons learned from microvascular phenotyping in the Maastricht Study, Maastricht, the Netherlands, 2010--2018.](kwaa023f2){#f2}
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